Labile mRNAs that encode cytokine and immediate-early gene products often contain AU-rich sequences within their 3 untranslated region (UTR). These AU-rich sequences appear to be key determinants of the short half-lives of these mRNAs, although the sequence features of these elements and the mechanism by which they target mRNAs for rapid decay have not been fully defined. We have examined the features of AU-rich elements (AREs) that are crucial for their function as determinants of mRNA instability in mammalian cells by testing the ability of various mutant c-fos AREs and synthetic AREs to direct rapid mRNA deadenylation and decay when inserted within the 3 UTR of the normally stable ␤-globin mRNA. Evidence is presented that the pentamer AUUUA, which previously was suggested to be the minimal determinant of instability present in mammalian AREs, cannot direct rapid mRNA deadenylation and decay. Instead, the nonamer UUAUUUAUU is the elemental AU-rich sequence motif that destabilizes mRNA. Removal of one uridine residue from either end of the nonamer (UUAUUUAU or UAUUUAUU) results in a decrease of potency of the element, while removal of a uridine residue from both ends of the nonamer (UAUUUAU) eliminates detectable destabilizing activity. The inclusion of an additional uridine residue at both ends of the nonamer (UUUAUUUAUUU) does not further increase the efficacy of the element. Taken together, these findings suggest that the nonamer UUAUUUAUU is the minimal AU-rich motif that effectively destabilizes mRNA. Additional ARE potency is achieved by combining multiple copies of this nonamer in a single mRNA 3 UTR. Furthermore, analysis of poly(A) shortening rates for ARE-containing mRNAs reveals that the UUAUUUAUU sequence also accelerates mRNA deadenylation and suggests that the UUAUUUAUU motif targets mRNA for rapid deadenylation as an early step in the mRNA decay process.
The regulation of mRNA decay is an important mechanism by which the level of gene expression is controlled (18, 40) . In mammalian cells, mRNA half-lives can be as short as minutes or as long as days (26) . Recent studies suggest that the stability of an mRNA is often suited to its function. Among the shortlived mammalian mRNAs are those that encode proteins such as growth factors, cytokines, and transcription factors that are expressed very transiently in response to extracellular stimuli (12) . In contrast, long after ␤-globin mRNA synthesis has ceased because of the loss of the nucleus during erythrocyte differentiation, this mRNA continues to be translated into protein because of its long lifetime (3, 28) .
The c-fos proto-oncogene transcript is one of the most labile mammalian mRNAs known, and it has served as an excellent model for studies aimed at elucidating the mechanisms that control the decay of short-lived mRNAs. The c-fos gene encodes a transcription factor that is believed to play a critical role in processes such as cell growth and differentiation (13, 45) . Transcription of the c-fos gene is rapidly and transiently activated within minutes of exposure of cells to a wide array of extracellular stimuli (19, 20) . Once synthesized, c-fos mRNA is rapidly transported from the nucleus to the cytoplasm, where it is translated into protein for only a brief period before the mRNA is degraded (32) . Since transcription of the c-fos promoter is shut off within minutes after it is initially induced, it is possible to monitor the nearly synchronous decay of newly synthesized c-fos mRNA molecules in the absence of further mRNA synthesis (20) .
Recent studies of c-fos mRNA decay have led to the identification of specific regions within this mRNA that are the critical determinants of its short half-life (15, 25, 38, 42, 47, 48) . One destabilizing domain corresponds to the c-fos coding region. Within this region it is the RNA sequence itself, rather than the protein that it encodes, that is the determinant of instability (50) . A second potent destabilizing domain is a 75nucleotide AU-rich element (ARE) that lies within the c-fos 3Ј untranslated region (UTR). The insertion of the c-fos ARE within the 3Ј UTR of a normally stable mRNA such as ␤-globin mRNA dramatically destabilizes this mRNA (47) .
The c-fos ARE and the destabilizing element in the c-fos coding region each appear to function, at least in part, by triggering the rapid deadenylation of c-fos mRNA as an early step in the process of mRNA decay (46, 52) . For example, insertion of the c-fos ARE within the 3Ј UTR of ␤-globin mRNA enhances both the rate and extent of deadenylation of the chimeric mRNA compared with those of the wild-type ␤-globin mRNA. Nearly complete deadenylation is followed by rapid mRNA degradation. The ability of the c-fos ARE to destabilize mRNA is coupled to its ability to direct deadenylation, inasmuch as mutations within the c-fos ARE that make it less effective as a deadenylation determinant also render the ARE ineffective as an mRNA-destabilizing element (11) .
AU-rich sequences have been identified within the 3Ј UTRs of a large number of labile mammalian mRNAs besides c-fos mRNA, prompting the suggestion that these labile mRNAs may be targeted for degradation by a common mechanism (44) . However, in only a few instances have the AU-rich sequences been shown to function effectively as determinants of decay, and in these cases the features of the AREs that are critical for their function have not been well defined (2, 17, 22, 24, 35, 37, 44, 51, 54) . Because the key features of AREs that contribute to their efficacy as instability determinants are not known, it has been difficult to predict if a particular AU-rich sequence that is present within the 3Ј UTR of an mRNA actually functions as an mRNA-destabilizing sequence.
By using in vitro RNA-binding assays, several distinct protein factors that bind AU-rich sequences with some degree of selectivity have been identified in crude cellular extracts (6-9, 16, 29, 33, 41, 49, 55) . It has been speculated that one or more of these RNA-binding proteins may play a critical role in the process of mRNA decay. However, convincing evidence of their involvement in the mRNA decay process will require the development of new assays for testing the function of these ARE-binding proteins. A clearer definition of the features of AREs that are critical for their in vivo function will facilitate these studies.
Comparison of the AU-rich sequences of many proto-oncogene and cytokine mRNAs has led to the identification of sequence motifs that are often present in multiple copies within the 3Ј UTR, such as the sequence UUAUUUAU (10) or the sequence AUUUA (44) . This analysis has lead to the suggestion that these sequence motifs may serve a specific regulatory function for mRNAs in which they are found. The c-fos ARE contains one copy of the octameric motif (UUAUUUAU) and three copies of the pentameric motif (AUUUA), two of which overlap (AUUUAUUUA). Introduction of a U-to-A mutation in each of the three AUUUA sequences impairs the destabilizing activity of the c-fos ARE (46) . The 56-nucleotide ARE present within the 3Ј UTR of the granulocyte-macrophage colony-stimulating factor mRNA, which is also a very effective destabilizing element (1, 44) , contains three tandem copies of the octamer (UUAUUUAU) and seven copies of the AUUUA pentamer, five of which overlap and form the sequence AUUUAU UUAUUUAUUUAUUUA. Largely on the basis of limited analysis of the granulocyte-macrophage colony-stimulating factor ARE, it has been suggested that the AUUUA pentamer might represent the elemental AU-rich determinant of mRNA instability (44) . However, this hypothesis has not been tested, and it is equally plausible that the minimal destabilizing element within these AREs is the tandemly repeated AUUU tetramer or some other permutation or more extended version of this tetrameric sequence (UUUA, UUAU, UAUU, UAUUUA, UUAUUU AU, etc.).
To begin to define the molecular mechanisms by which the c-fos ARE mediates rapid mRNA decay, we have defined the features of this element that are critical to its function. Various mutant AREs were generated and tested for their ability to trigger rapid deadenylation and decay of mRNA when inserted within the 3Ј UTR of ␤-globin mRNA. We find that the shortest AU-rich sequence that can efficiently mediate mRNA deadenylation and decay is not the sequence AUUUA but, rather, is the nonameric sequence UUAUUUAUU. Insertion of two copies of this nonamer destabilizes ␤-globin mRNA even more effectively than does insertion of a single copy of the nonamer. This analysis of the features of AREs that are crucial for their function should facilitate further studies of the mechanisms by which these sequences mediate rapid mRNA decay.
MATERIALS AND METHODS
Plasmid constructions. Plasmids pBBB, pBBBϩARE, and pG␤7 have been described previously (42, 47) . Plasmid pB-ARE was constructed by inserting a 135-bp BclI-BglII fragment from pF101 (47) into the BglII site of pBBB to recreate a BglII site at the promoter-distal end. An 81-bp BamHI-BglII fragment containing the c-fos ARE was then excised from pB-ARE, and the ends were religated to create plasmid pB⌬ARE. Plasmid pGB-ARE was constructed by inserting the same 81-bp BamHI-BglII fragment into pG␤7, and pGB-(AUUU) 5 was constructed by inserting a 26-bp BamHI-BglII fragment from pB-(AUUU) 5 (see below) into pG␤7.
Plasmids pB-ARE I, pB-ARE III, pB-ARE IV, pB-ARE V, pB-ARE VI, pB-ARE VII, pB-(AUUU) 3 , pB-(AUUU) 4 , pB-(AUUU) 5 , pB-(AUUUGC) 4 , pB-U11S, pB-7S7, pB-8S8L, pB-8S8R, pB-N1, and pB-N2, as well as plasmids with single point mutations in the (AUUU) 5 element, were generated by replacing the 81-bp ARE-containing BamHI-BglII fragment of pB-ARE with in vitro synthesized ARE DNA fragments that were flanked upstream by a BamHI site and downstream by a BglII site. Plasmid pB-U 32 was created by inserting a BamHI-BglII fragment derived from the sequence AGATCTGAATTCC (T) 32 GGGGATCC into the BglII site of pBBB. The presence and orientation of the various ARE inserts were confirmed by DNA sequencing.
pB-9S9 was obtained by ligating a 1.6-kb SacII-BglII fragment of plasmid pB-(AUUU) 2 , containing the ␤-globin transcription unit and part of the c-fos promoter, to a 3.9-kb SacII-BamHI fragment of the same plasmid, containing the remaining part of the c-fos promoter and vector sequences. Plasmid pB-ARE II is identical to pB-ARE except for a deletion of 45 bp from the 5Ј end of the c-fos ARE and was constructed as follows. A bidirectional deletion was created from the BamHI site upstream of the ARE in pB-ARE by Bal 31 digestion. BamHI linkers (CGGGATCCCG) were then added, and the resulting mixture of DNA fragments was digested with BamHI and NotI. The original ␤-globin sequence upstream of the ARE was then reintroduced into the resulting plasmid by ligating the DNA fragments to a 2.1-kb NotI-BamHI fragment from pB-ARE. The extent of the 5Ј-terminal deletion within the ARE of pB-ARE II was then determined by DNA sequencing.
Cell culture and transfection. Murine NIH 3T3 fibroblasts were passaged in Dulbecco's modified Eagle's medium with 10% calf serum. Cells were split to 4 ϫ 10 6 per 150-mm dish 18 to 24 h prior to transfection by the calcium phosphate technique, as described previously (47) . DNA transfection mixtures (20 g) contained 2 to 3 g of the test plasmid, 2 to 3 g of pGB-ARE or pGB-(AUUU) 5 , 6 g of pEF-BOS-CAT (30), or 12 g of pRSV-LacZ (21), as well as carrier plasmid (pUC19). At 12 to 16 h after transfection, cells were washed with phosphate-buffered saline, serum starved for 24 to 30 h, and then serum stimulated with 20% fetal bovine serum, as described previously (47) .
Analysis of mRNA deadenylation and decay. Total cytoplasmic RNA was isolated at various times after serum stimulation, as described previously (47) . Deadenylation and decay of mRNA were analyzed by Northern (RNA) blotting. Specifically, equal amounts of RNA (8 to 10 g) were loaded in each lane of a 1.2 to 1.4% agarose-formaldehyde gel, electrophoresed in parallel with RNA size markers (5 g; Gibco-BRL), and blotted onto a nylon membrane. Individual marker RNAs were visualized after blotting by ethidium bromide staining of the membrane. Blots were probed as previously described (46) , with radiolabeled gene-specific DNA probes prepared by the method of random oligonucleotide priming (14) , and the blots were then analyzed with a Molecular Dynamics PhosphorImager. mRNA was deadenylated in vitro by annealing total cytoplasmic RNA (8 to 10 g) with oligo(dT) [12] [13] [14] [15] [16] [17] [18] (0.3 g; Pharmacia) and then treating the resulting RNA-DNA duplexes with RNase H (3 U) (46) . Most of the ARE mutants, and all of the critical ones, were tested more than once, and the mRNA decay values were reproducible.
RESULTS

and 3 deletions of the c-fos ARE.
In previous studies, a 75-nucleotide AU-rich sequence within the 3Ј UTR of c-fos mRNA was shown to function as a determinant of rapid mRNA deadenylation and decay that can dramatically reduce the cytoplasmic lifetime of a long-lived mRNA (␤-globin) when inserted into its 3Ј UTR (46, 47) . To identify the specific regions of the c-fos ARE that are critical to its function, deletion variants of this element lacking sequences from the 5Ј or 3Ј end were tested for their ability to destabilize ␤-globin mRNA when inserted within its 3Ј UTR.
For this analysis, the ␤-globin promoter was replaced precisely with the c-fos promoter to allow transient transcription to be induced by serum stimulation. An additional modification of this gene fusion involved the insertion of a 53-bp c-fos 3Ј UTR sequence immediately downstream of the ␤-globin stop codon, to generate the construct pB⌬ARE. This 53-bp sequence does not encode an mRNA-destabilizing element, and its insertion has no effect on the decay of ␤-globin mRNA (57) (Fig. 1C ). However, the presence of this sequence mimics the spacing in the c-fos 3Ј UTR because it increases the distance between the ␤-globin coding region and the site of ARE insertion, which otherwise would be directly adjacent to the ␤-globin stop codon. This intervening spacer segment should make it less likely that translating ribosomes approaching the ␤-globin stop codon will interfere with the binding of potential destabilizing factors to the inserted AU-rich sequences.
Derivatives of plasmid pB⌬ARE containing the wild-type c-fos ARE (pB-ARE) and variants thereof were introduced into NIH 3T3 fibroblasts by transient cotransfection with two control plasmids. One of these control plasmids, pRSV-LacZ, (or in some experiments pEF-BOS-CAT), directs the constitutive expression of either lacZ mRNA or cat mRNA, which served as internal controls allowing correction for variations in transfection efficiency and sample handling. In addition, so that the efficacy of a mutant ARE present in a given test construct could be compared directly with that of the wild-type c-fos ARE in the same experiment, cells were cotransfected with a second control plasmid, pGB-ARE. pGB-ARE is identical to pBBBϩARE (47) , except that pGB-ARE contains a 0.31-kb fragment of the GAPDH coding region inserted in frame within the 5Ј half of the ␤-globin coding region. This GAPDH insert, which has no effect on B-ARE mRNA dead-enylation and decay (57) ( Fig. 1 ), allows the mRNA transcribed from pGB-ARE to be resolved on Northern blots from pB-ARE and its derivatives. By monitoring the degradation of GB-ARE mRNA in each experiment, we were able to determine that its decay kinetics were invariant from experiment to experiment (data not shown). This indicates that the analysis of ARE-mediated decay in the experiments described in this report was not biased by potential experimental variation resulting from differences in cell growth or transfection conditions.
To monitor mRNA decay, transfected cells were serum starved for 25 to 30 h, and transcription from the pB-ARErelated plasmids and pGB-ARE was then transiently induced by stimulation with fetal bovine serum. Total cytoplasmic RNA was isolated at intervals and analyzed by Northern blotting to determine the levels of GB-ARE and B-ARE mRNAs relative to the lacZ internal control. As expected from our previous studies, insertion of the 75-nucleotide c-fos ARE within the 3Ј UTR of the otherwise long-lived B⌬ARE mRNA increased dramatically the rate of deadenylation and decay of this mRNA (Fig. 1C) . (This and all subsequent AU-rich sequences Also plotted are the mRNA deadenylation and decay data obtained for B-ARE mRNA (E) and B⌬ARE mRNA (F). The last time when RNA was collected from cells transfected with pB-ARE, pB-ARE I, and pB-ARE II was 360 min; for cells transfected with pB⌬ARE it was 480 min. The absence of plotted data at late times in some graphs indicates that mRNA levels were immeasurably low at those times. Poly(A) tail lengths were calculated from the difference in the electrophoretic mobilities between each mRNA and cognate RNA [lanes (A) Ϫ ] that had been deadenylated in vitro by treating a 60-min RNA sample with oligo(dT) [12] [13] [14] [15] [16] [17] [18] and RNase H. Mobility differences were measured by using the bottom of each band as a reference point. The total length of each poly(A) Ϫ mRNA and the length of poly(A) responsible for each observed difference in mobility were then estimated by comparison with RNA marker bands (0.166 to 1.77 kb) that were electrophoresed in parallel and detected by ethidium bromide staining of the blots (not shown An ARE derivative (ARE I) consisting of the 5Ј half of the 75-nucleotide c-fos ARE was also found to be an effective determinant of deadenylation and decay when inserted into B⌬ARE mRNA, although it was somewhat less potent than the wild-type c-fos ARE. B-ARE I mRNA was deadenylated much more rapidly than B⌬ARE mRNA and decayed to less than 10% of its peak level within 5 h after induction ( Fig. 1A and C). In contrast to ARE I, a second mutant ARE (ARE II) that consists of the 3Ј half of the c-fos ARE was found to be relatively ineffective as a determinant of mRNA deadenylation and decay when inserted into the 3Ј UTR of B⌬ARE mRNA. B-ARE II mRNA was found to decay only slightly faster than ␤-globin mRNA ( Fig. 1B and C) . Moreover, the deadenylation of B-ARE II mRNA was slower than that of B-ARE I mRNA ( Fig. 1B and C) . Taken together, these results suggest that the primary determinant of mRNA deadenylation and decay within the c-fos ARE lies within its 5Ј half. Furthermore, as ARE II contains an AU-rich segment that is longer than the one in ARE I, these findings suggest that the presence of a long AU-rich sequence is not alone sufficient to target an mRNA for rapid deadenylation and decay. Consistent with this conclusion, we find that insertion of a run of 32 consecutive uridine residues has no effect on the stability of B⌬ARE mRNA (B-U 32 , Fig. 2 ). These findings indicate that there are particular sequence characteristics of the ARE that are important for its destabilizing activity.
To characterize the sequence features of ARE I that are critical for its function, additional derivative AREs were synthesized in which 5Ј or 3Ј portions of ARE I were deleted. Each of these ARE I derivatives ( Fig. 3A) was inserted within the 3Ј UTR of pB⌬ARE and tested for its ability to trigger the degradation of B⌬ARE mRNA (Fig. 3B) . These experiments led to the identification of a 19-nucleotide sequence, UUUU UAAUUUAUUUAUUAA (ARE V), that is as effective a decay determinant as the full ARE I sequence. Further deletions from either the 5Ј or 3Ј end of ARE V yielded AREs that were less effective at destabilizing B⌬ARE mRNA when inserted within the 3Ј UTR ( Fig. 3 ). For example, insertion of the sequence AUUUAUUUAUUAA (ARE VI) within the 3Ј UTR of B⌬ARE mRNA had a significant though reduced destabilizing effect compared with ARE V, whereas AUU UAUUUA (ARE VII) had no effect on mRNA stability. The presence in ARE V of multiple copies of the sequence AUUU, as well as tandem repeats of various permutations of this tetranucleotide sequence (UUUA, UUAU, and UAUU), suggested that repeats of one of these tetramers might be the basis for the destabilizing effect of the c-fos ARE. Furthermore, the ineffectiveness of ARE VII indicates that a single tandem duplication of the sequence AUUU or UUUA is not sufficient to trigger rapid mRNA decay.
Contiguous repeats of the sequence AUUU function as determinants of rapid mRNA decay. We next compared the ability of three, four, and five contiguous repeats of the sequence AUUU to function as determinants of mRNA deadenylation and decay. As discussed above, the sequence AUUUAUUUA, which contains two tandem copies of AUUU, is ineffective as a destabilizing determinant [ARE VII, now renamed (AUUU) 2 ] (Fig. 4A and E) . However, the sequence AUUU AUUUAUUUA [(AUUU) 3 ], which contains three tandem copies of AUUU, had a significant destabilizing effect when inserted within the 3Ј UTR of B⌬ARE and also accelerated the rate of deadenylation of the mRNA (Fig. 4B and E) . Increasing the number of tandem copies of the AUUU sequence from three to four [(AUUU) 4 ] or five [(AUUU) 5 ] progressively increased the efficacy with which the ARE triggered mRNA decay ( Fig. 4C to E). We conclude that by increasing the number of contiguously repeated copies of the tetramer AUUU or a permutation thereof (UUUA, UAUU, or UUAU), it is possible to generate an instability determinant that is increasingly potent.
A feature of these AREs that appears to be critical for their function is that the constituent tetrameric sequences must be present in a contiguous array. A synthetic element that contained four AUUUA repeats each separated by the sequence GC (AUUUAGCAUUUAGCAUUUAGCAUUUA) was found to have no effect on mRNA deadenylation and decay when inserted within the 3Ј UTR of B⌬ARE mRNA (Fig. 5 ). Taken together, the analyses of these various AREs suggest that the minimal AU-rich sequence that can confer instability to a normally stable mRNA is encompassed within the sequence AUUUAUUUAUUUA and that isolated copies of the pentameric motif AUUUA are nonfunctional. It remained to be determined whether the key motif within this 13-nucleotide sequence was a tandem array of the AUUU sequence, a tandem array of a permutation of this tetramer (such as UUUA, UUAU, or UAUU), or a single copy of a longer sequence (UAUUUA, UAUUUAU, UUAUUUAUU, etc.). Point mutations inhibit the function of the (AUUU) 5 element. In an effort to define further the minimum AU-rich sequence that can accelerate mRNA decay, we next introduced a series of single substitution mutations into the (AUUU) 5 element AUUUAUUUAUUUAUUUAUUUA. We reasoned that if a tetrameric sequence (AUUU or a permutation thereof) is the minimal element necessary for ARE function, equivalent substitution mutations in any one of the repeated copies of this tetrameric motif [e.g., at position 11, 15, or 19 of the (AUUU) 5 sequence shown in Fig. 4 ] should each have a similar effect on mRNA decay. Conversely, if the key motif is a longer sequence, such as UAUUUAU, UUAUUUAU, or UUAUUUAUU, these mutations would not lie at equivalent positions within the larger motif and might therefore have quite different effects on mRNA decay. When (AUUU) 5 mutants with a guanosine substitution at position 11, 15, or 19 were tested for their destabilizing activity, they were found to behave quite differently (Fig. 6) . The U11G and U19G mutations had no effect on the ability of the (AUUU) 5 element to direct rapid decay ( Fig. 6A and C ; compare with Fig. 4D ), whereas the intervening U15G mutation impeded degradation (Fig. 6B) . The disparate effects of these mutations suggest that the key sequence motif responsible for mRNA destabilization by AREs such as (AUUU) 5 is likely to be longer than 4 nucleotides. Furthermore, these findings suggest that the disruptive mutation at position 15 may lie at an important site within this key sequence motif, whereas the silent mutations at positions 11 and 19 may lie either at nonessential sites within the motif or entirely outside of it.
The sequence UUAUUUAUU is the key AU-rich determinant that mediates mRNA instability. Analysis of additional substitution mutations revealed that mutations of the adenosine residues at position 9 or 13 of the (AUUU) 5 element had a stabilizing effect ( Fig. 7A to D) . In contrast, mutation of the uridine at position 11 to guanosine, adenosine, or cytosine had almost no effect on the potency of this destabilizing element ( Fig. 7E and F) . Therefore, we reasoned that the (AUUU) 5 element might be composed of two separate motifs located upstream and downstream of a nonessential central nucleotide (at position 11). To test this possibility, the U residue at position 11 was replaced with the sequence GAUCC to generate the mutant element U11S (AUUUAUUUAUGAUCCUAU UUAUUUA). As shown in Fig. 8 , the U11S element is quite effective at destabilizing mRNA. When inserted within the 3Ј UTR of ␤-globin mRNA, this mutant element markedly accelerated mRNA decay, although not as well as the intact (AUUU) 5 element did. This result indicates that the 5Ј and 3Ј halves of the (AUUU) 5 element can function effectively even when separated.
Since the sequences of the 5Ј and 3Ј halves of the U11S element are very similar, we next considered the possibility that each half of this element contains an AU-rich sequence motif that functions as a determinant of instability. The longest sequence motifs that are common to both the left and right halves of U11S are the sequences AUUUAUUUA and UAUUUAU. However, when we tested the ability of either of these motifs to mediate rapid mRNA decay when present in two noncontiguous copies in the 3Ј UTR of ␤-globin mRNA (9S9, AUUUAUUUAGAUCCAUUUAUUUA; or 7S7, UA UUUAUGAUCCUAUUUAU), we found that neither has any detectable destabilizing activity (Fig. 8 ). We then reasoned that each half of U11S might instead contain an incomplete yet partially active copy of the optimal AU-rich motif and that the destabilizing activity of U11S might therefore be submaximal. The shortest sequence that satisfies this criterion for the optimal motif is the nonamer UUAUUUAUU. The left and right halves of the U11S element each contain a sequence that differs from this nonamer by a single terminal nucleotide.
When we tested the ability of the nonameric motif to accelerate mRNA decay, we found it to be a very potent destabilizing element when present in two noncontiguous copies (N2, UUAUUUAUUGAUCCUUAUUUAUU) ( Fig. 9B) . Two separated copies of this motif are, in fact, as potent as (AUUU) 5 or the c-fos ARE. Deleting one uridine residue from either end of this duplicated motif (8S8L, UUAUUUAU GAUCCUUAUUUAU; or 8S8R, UAUUUAUUGAUCCUA UUUAUU) partially impairs its function (Fig. 9B) , and, as indicated above, deleting one residue from both ends (7S7, UAUUUAUGAUCCUAUUUAU) renders the element essentially inactive (Fig. 9B) . Furthermore, the ability of each of these variants to mediate deadenylation correlates well with its destabilizing activity (Fig. 9B) .
Two copies of the nonameric motif are better than one, but even a single copy can significantly accelerate mRNA deadenylation and decay (Fig. 9C ). Furthermore, one copy of the nonamer is just as effective as the more extended trimeric sequence, AUUUAUUUAUUUA. These findings suggest that the elemental AU-rich destabilizing motif is no longer than a nonamer and that the potency of an ARE can be increased if it contains multiple copies of the UUAUUUAUU motif. 
DISCUSSION
In this study, we have presented evidence that the nonameric sequence UUAUUUAUU, which is present within the 3Ј UTRs of many immediate-early gene (IEG) and cytokine mRNAs, is a critical sequence element that mediates the swift deadenylation and rapid decay of these labile mRNAs. Deletions that remove a uridine residue from either end of the UUAUUUAUU nonamer are partially tolerated, so that the resulting elements (UUAUUUAU or UAUUUAUU) are effective destabilizers, although not as potent as the nonamer. Furthermore, removal of one nucleotide from both ends of the nonamer results in a heptameric element (UAUUUAU) that cannot destabilize ␤-globin mRNA even when present in two copies. Finally, addition of one uridine residue at both ends of the nonamer, as in the element AUUUAUUUAUUUA, does not further increase the potency of this instability determinant. Taken together, these results suggest that the nonameric sequence UUAUUUAUU is the shortest AU-rich destabilizing motif (ADM) that effectively directs rapid mRNA deadenylation and decay. Furthermore, transcripts that contain multiple copies of this nonamer motif are degraded more rapidly than similar mRNAs that have only a single copy of this sequence.
Of the ARE variants that were tested as destabilizing determinants, several contain overlapping copies of the nonameric ADM. This is the case for ARE V and (AUUU) 4 ( Table 1) . The presence of an additional overlapping copy of the nonamer was found to result in a more effective destabilizing element than when only a single copy of the nonamer motif was present (Table 1 ). If an ADM functions as a binding site for a factor involved in the process of mRNA decay, the presence of two overlapping copies of this sequence would provide two potential binding sites for the factor. Although it seems unlikely that a UUAUUUAUU-binding protein would be capable of binding simultaneously to overlapping nonamer sites, the presence of additional ADM copies in an overlapping array could enhance the probability of factors binding to the ADM by increasing the effective association constant of the protein-RNA complex. In cells containing a low concentration of this protein, a larger association constant should enhance the potency of an AU-rich destabilizing element as a determinant of mRNA decay. On the other hand, AREs that carry multiple nonoverlapping copies of the ADM are more potent instability determinants than AREs that carry the same number of copies in an overlapping arrangement ( Table 1 ), suggesting that a greater increase in ARE potency might be achieved by the simultaneous binding of multiple mRNA decay factors to ADMs within a single mRNA.
We have defined the ADM as a critical determinant of mRNA instability by demonstrating that various synthetic elements destabilize the normally stable ␤-globin mRNA when inserted within its 3Ј UTR. This finding is substantiated by our observation that the efficacy of the nonamer is independent of the sequence context in which it is present. For example, nonamers in three different sequence contexts-(AUUU) 3 (cauUUAUUUAUUuag), ARE VI (cauUUAUUUAUUaag), or N1 (uccUUAUUUAUUaga)-were all equally potent destabilizing elements. Support for the idea that the UUAUUUAUU sequence is an important determinant of mRNA instability is also provided by our analysis of the c-fos ARE. The minimal sequence within the 5Ј half of the c-fos ARE that is especially potent as an mRNA destabilization domain contains one perfect copy of the UUAUUUAUU nonamer and an overlapping imperfect nonamer sequence (Table 1 ). In contrast, the 3Ј half of the c-fos ARE, which is a rather ineffective destabilizing element, contains no complete nonamer motifs despite its long AU-rich sequence. Nevertheless, the 3Ј half of the c-fos ARE is a more effective destabilization determinant than a poly(U) sequence of similar length. It is possible that the presence within the 3Ј half of the c-fos ARE of sequences that resemble the UUAUUUAUU nonamer (e.g., the sequence UUAUUUUUU, which differs from the optimal sequence at one position, and the sequences AUAUUUAUA and UUAUUUUAU, both of which differ from the optimal sequence at two positions) endows this region of the c-fos ARE with its limited ability to direct mRNA decay. FIG. 6. Decay of B-(AUUU) 5 mRNA variants carrying U-to-G substitutions at position 11, 15, or 19 of the AU-rich element. NIH 3T3 cells were transiently cotransfected with pEF-BOS-CAT, pGB-ARE, and one of the following plasmids: pB-U11G (A), pB-U15G (B), or pB-U19G (C). Cell stimulation, Northern blotting, and analysis of mRNA decay were carried out as for the experiment in Fig. 1 , except that cat mRNA was used to normalize for the efficiency of transfection and GB-(AUUU) 5 mRNA was used as a control for ARE-mediated deadenylation and decay. Lanes (A) Ϫ , RNA sample deadenylated in vitro. The mutated nucleotide is marked with an asterisk. Decay data for B-U11G and B-U19G overlap very closely with the data for B-(AUUU) 5 mRNA (see Fig. 4 and 7F).
The presence of sequences within the 3Ј half of the c-fos ARE that resemble the UUAUUUAUU nonamer may also explain why the 3Ј half of the c-fos ARE is capable of enhancing the potency of the 5Ј half of the c-fos ARE when these two AUrich sequences are placed adjacent to one another ( Fig. 1) , whereas a sequence that is merely U rich [U (32) ] cannot (57) .
The adenosine residues within the UUAUUUAUU motif appear to play a critical role in ARE function, since replacing one of these adenosine residues with a U, G, or C impairs the destabilizing activity of the element (Fig. 7) . Furthermore, the spacing between the two adenosine residues that are present in the UUAUUUAUU sequence is also important, given that the 3Ј half of the c-fos ARE, which has little destabilizing activity, contains a 10-nucleotide sequence (UUAUUUUAUU) that is identical to the nonameric motif except for an increase in spacing between the two adenosine residues.
Although an ADM is present within the 3Ј UTR of many short-lived mRNAs, not all labile IEG and cytokine mRNAs contain this nonamer, and some lack any AU-rich sequence within their 3Ј UTR (57) . The rapid turnover of these mRNAs may be mediated by elements other than AU-rich sequences, such as coding-region determinants of mRNA instability (5, 47, 51, 53) . Among the IEG and cytokine mRNAs that do contain AU-rich sequences within their 3Ј UTRs, a distinction can be made with respect to the presence of an ADM. Most shortlived cytokine mRNAs and a number of rapidly degraded IEG mRNAs contain one or more UUAUUUAUU motifs within the AU-rich sequence, and it is likely that the presence of the nonameric sequence destines these mRNAs for rapid decay. However, several cytokine mRNAs and many IEG mRNAs, including the Egr-1 (36), c-myc (4), and c-jun (39) mRNAs, do not contain a complete nonamer motif within their AU-rich region. It is possible that the AU-rich regions of these labile mRNAs do not direct rapid mRNA decay. Alternatively, the imperfect UUAUUUAUU nonamer sequences present within the AU-rich regions of these mRNAs may be sufficiently functional to contribute to rapid mRNA decay. Of course, we cannot rule out the possibility that within these AU-rich regions there exist novel determinants of mRNA decay that are at least somewhat distinct from the UUAUUUAUU nonamer with regard to both their sequence and their mechanism of action. Consistent with this possibility are previous observations that some AREs are inactive in selected cell lines and that AREs can be differentially regulated in response to par- The mutated nucleotide is marked with an asterisk. Transfection and stimulation of NIH 3T3 cells and Northern blot analysis of mRNA decay were carried out as for the experiment in Fig. 1 , except that cat mRNA was used to normalize for the efficiency of transfection and GB-(AUUU) 5 ticular extracellular stimuli (27, 34, 43) . However, it is not yet clear whether these cell-state-dependent differences in ARE potency are determined by differences in the ARE sequences themselves or in the sequences that flank the AREs (23) .
The overall destabilizing potential of an AU-rich sequence is reflected by both the duration of the lag period during which deadenylation occurs and the swiftness with which the mRNA is subsequently degraded. Of the AREs tested in this study, those that are effective determinants of rapid mRNA decay are also capable of triggering rapid deadenylation as an early step in the mRNA decay process. In particular, the UUAUUUAUU nonamer sequence functions not only as a determinant of rapid mRNA decay but also as a determinant of rapid mRNA deadenylation. Moreover, multimerization of the nonamer motif accelerates both poly(A) shortening and mRNA decay. For example, mRNAs carrying two nonoverlapping copies of the ADM are deadenylated faster than mRNAs containing one copy. These findings suggest that UUAUUUAUU sequences in the 3Ј UTR of an mRNA stimulate mRNA degradation in part by accelerating the first step of the pathway [i.e., deadenylation to an oligo(A) tail of 20 to 40 adenosine residues].
The mechanism by which ARE-containing mammalian mRNAs are degraded after their poly(A) tails have been shortened is still unknown. Our analysis of several ARE-containing mRNAs suggests that the ADM may also play a role in this second step of the decay pathway, since deadenylated mRNAs carrying two nonamers are lost from the cytoplasm faster than deadenylated mRNAs carrying a single nonamer [B-N2 versus B-N1 in Fig. 9C , or B-(AUUU) 4 versus B-(AUUU) 3 in Fig. 4 ]. Interestingly, the increased potency of AREs carrying overlapping copies of the ADM compared with AREs carrying a single copy appears to be due primarily to the ability of the former class of AREs to accelerate the step in the decay pathway that follows deadenylation. For example, B-(AUUU) 4 , which contains two overlapping copies of the nonamer motif, does not deadenylate faster than B-(AUUU) 3 , which contains a single copy of this motif. However, once it is deadenylated, B-(AUUU) 4 is degraded about twice as fast as B-(AUUU) 3 .
To determine how an ADM accelerates mRNA decay after the mRNA has been deadenylated to 20 to 40 adenosine residues, it will be helpful to determine the mechanism by which these deadenylated mRNAs are degraded in mammalian cells. Studies of the labile yeast mRNA MFA2 suggest that an important event that follows mRNA deadenylation is the decapping of the 5Ј end of the mRNA (31) . It will be important to examine whether the nonameric ADM mediates decapping of mammalian mRNAs or facilitates some other degradative event, such (AUUU) 5 AUUUAUUUAUUUAUUUAUUUA ϩϩϩ (AUUU) 4 AUUUAUUUAUUUAUUUA ϩϩ (AUUU) 3 AUUUAUUUAUUUA ϩ (AUUU) 2 AUUUAUUUA Ϫ (AUUUAGC) 4 AUUUAgcAUUUAgcAUUUAgcAUUUA Ϫ U11S
AUUUAUUUAUgauccUAUUUAUUUA ϩϩ 9S9
AUUUAUUUAgauccAUUUAUUUA as deadenylation to less than 20 to 40 adenosine residues or endonucleolytic cleavage within the mRNA.
To understand the mechanism of ARE-mediated mRNA decay, a considerable effort has been invested in identifying proteins that interact with AREs, and several ARE-binding proteins have been identified (6-9, 16, 29, 33, 41, 49, 55, 56) . However, definitive evidence that these proteins mediate ARE function in vivo has not been obtained. A number of AREbinding factors, including the 34-kDa AU-A protein, the 36-kDa AU-binding protein, the 37-kDa AUF1 protein, and the 37-, 66-, 71-, and 82-kDa U-rich RNA-binding proteins (URBPs) also bind well to poly(U) (7, 9, 16, 55) . Since we have found that poly(U) is ineffective at destabilizing mRNA when inserted within the 3Ј UTR, it seems unlikely that proteins which bind to poly(U) as tightly as they bind to sequences containing the UUAUUUAUU motif are mediators of AREdirected mRNA decay. Rather, ARE-binding factors that do not bind to poly(U) but display a high affinity for AREs that contain one or more UUAUUUAUU nonamers (e.g., AU-B
and AU-C [7] ) are more likely to mediate ARE-dependent mRNA decay. The various ARE mutants that have been generated in this study should help in identifying which of the many factors that are capable of binding to AREs actually participate in mRNA decay and should allow these factors to be distinguished from those that play a role in other cellular processes. The identification and cloning of a factor(s) that specifically recognizes the UUAUUUAUU sequence may prove to be crucial for unraveling the mechanism by which this sequence element accelerates mRNA deadenylation and decay.
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A.M.Z. was supported by postdoctoral fellowship GM-14669 from the National Institutes of Health. This research was supported by grant CA43855 from the National Institutes of Health to M.E.G., grant FIG. 9 . Deadenylation and decay of deletion variants of UUAUUUAUU. Cell transfection and stimulation, Northern blotting, and analysis of mRNA decay were carried out as for the experiment in Fig. 1 , except that pEF-BOS-CAT and pGB-(AUUU) 5 were used as transfection standards. (A) Sequences of 7S7, 8S8L, 8S8R, N1, and N2. Asterisks mark the positions of deleted uridine residues. (B) Deadenylation and decay graphs of B-N2 (F), B-8S8L (ᮀ), B-8S8R (s), and B-7S7 (Ç) mRNAs. Deadenylation and decay of GB-(AUUU) 5 (E) and B⌬ARE (dashed lines) mRNAs are also plotted for comparison. (C) Deadenylation and decay graphs of B-N2 (F) and B-N1 (ᮀ) mRNAs. Deadenylation and decay of B-(AUUU) 3 (s) and B-(AUUU) 2 (dashed lines) mRNAs are also plotted for comparison. The last time at which RNA was isolated was 420 min after serum induction, and the absence of plotted data at late times in some graphs indicates that mRNA levels were immeasurably low at those times. nt, nucleotides.
